we study the turbulent transport in a broad family of stellarator designs, to understand the geometry-dependence of the microturbulence. By using a set of flux tubes on a given flux surface, we construct a picture of the 2D structure of the microturbulence over that surface, and relate this to relevant geometric quantities, such as the curvature, local shear, and effective potential in the Schrödinger-like equation governing linear drift modes.
The concept of "transport-optimized stellarators" (for an overview see e.g. Ref. 1) aims at mitigating the neoclassical (nc) losses to the point where anomalous transport becomes dominant over most of the plasma column. Attention is now turning to understanding the effects of 3D geometry on microturbulence, [2] [3] [4] [5] [6] aided by nonlinear gyrokinetic (gk) codes valid for 3D. Supported by the scant, albeit promising, existing findings in this area, we attempt to identify key geometrical factors which contribute to the development and, subsequently, control of turbulent transport levels. In this Letter, we employ the GENE/GIST code package 7, 8 and apply its unique capability of determining turbulence properties for a 3D VMEC equilibrium 9 to a wide representative family of optimized stellarator designs (plus one reference axisymmetric system), to understand the geometry dependence of ion-temperature-gradient (ITG) turbulence.
Existing 3D nonlinear gk codes are "flux tube" codes, 10 yielding a picture of the turbulence along a particular field line, a 1D structure. To better relate such results to the full geometry, we follow a novel procedure, to construct the 2D structure of the turbulence over a flux-surface by combining results for a set of such field lines on that flux surface, and relate this structure to relevant geometric quantities, including the curvature, local shear, and effective potential V ef (z) in the Schrödinger-like equation governing linear drift modes.
The volume of a torus is conveniently parametrized by flux coordinates x = (ψ, θ, ζ), with 2πψ the toroidal flux within a flux surface, and θ and ζ the poloidal and toroidal azimuths, chosen so that the magnetic field may be written B = ∇α × ∇ψ p , with 2πψ p (ψ) the poloidal flux, α ≡ ζ − qθ, and q(ψ) ≡ ι −1 the tokamak safety factor. In its local mode of operation, GENE simulates plasma turbulence in a field-line following coordinate system (x, y, z) within a flux tube surrounding a specified field line, with z = θ the coordinate along a field line, x ≡ r − r 0 , with r(ψ) ≡ (2ψ/B a ) 
, and
with L x,y the box size in the x and y directions, a the value of r at the edge,
the sound speed, and Ω i the ion gyrofrequency. Shown in Figs. 3 are the 1D plots φ and K 1 for W7X, whose toroidal amplitude t is comparable to its helical amplitude h , characteristic of QO/QI systems. While B and K 1 have a variation on the more rapid helical scale length L h , the helical wells these produce in the mode equation's effective potential V ef are insufficient to localize an ITG mode, leaving the longer, toroidal well to provide the dominant localization.
A similar statement holds for HSX, whose magnetic field strength B(x) is helically symmetric to better than one part in 400, ( t h ). Here, while one might expect the toroidal ballooning evident in NCSX and NCSX sym to be replaced by an analogous ballooning within a helical ripple period, as for W7X, L h is too narrow to localize φ , as seen in Figs. 4, and as a result the turbulence in each tube still balloons toward θ = 0, though not as much as for a tokamak or QA system. This surprising finding is experimentally supported by HSX probe measurements.
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For each of these configurations, the region of maximum φ and local heat flux Q i occurs where K 1 is most negative, which is around (θ, N α 0 ) (0, 0), i.e., on the outboard side around the device "corners". The variation along a field line of the heat flux Q i (θ|N α 0 ) from GENE strongly resembles the variation of φ , qualitatively given by the scaling Q i ∼ k k One may obtain an equation 
cubic in mode frequency ω, with velocity-space average .. , ω 
which curvature enters through V ef .
The local shear s l = ∂ θ (g xy /g xx ) (with g ij the components of the metric tensor) enters Eq.(1) through locally modifying both k (θ), and k 2 ⊥ (θ) through radial wavenumber k x (θ). In Fig. 6 are compared s l in NCSX and NCSX sym. As for other stellarators, the much stronger shaping for NCSX makes |s l | substantially larger and more structured than for a 2D system like NCSX sym. One might expect spikes in s l to bound modes more than would occur just through the action of V ef , since s l causes k or k x to locally appreciably deviate from 0, enhancing Landau damping, as well as reducing the mode radial extent, similar to the function performed nonlinearly by zonal flows. Evidence for this may be seen in comparing the spikes in s l in Fig. 6 with the restrictions and dimples in φ for NCSX in Fig. 1a . Summarizing, we have examined the structure of microturbulence in a broad family of transport-optimized toroidal systems using the gk code GENE. Visualizing this, and its relation to important geometric quantities, is facilitated by the construction of a 2D picture of these over a flux surface from the 1D information a flux-tube code provides. Two such quantities, K 1 and s l , are seen to be important for ITG turbulence in determining the similar structures of the heat flux Q i , and of the varying (non-zonal flow) portion of the turbulent amplitude φ , from both the simulation results, and because both input quantities are operative in the linear mode equation, whose solutions φ are observed to resemble φ and Q i . For each stellarator, φ and Q i are seen to peak toward the outboard side near the device corners (where K 1 is worst), manifesting a toroidal ballooning structure, which is modulated by the helical ripples, but not enough to localize modes within them, even for HSX. Further improvements to the present results are planned, e.g., incorporating the effect of an ambipolar electric field, and including kinetic electrons, which provide the trapped electron drive, changing the mode characteristics.
14 The relatively simple relationship between the GENE outputs φ and Q i , and identifiable inputs like K 1 and s l , which can be quickly computed, suggests an optimization may be done, minimizing a semi-analytic proxy for Q i , involving those inputs through solving the mode equation, to obtain a geometry which seeks to minimize the turbulent transport. 
